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a b s t r a c t
Frequencies of circulating T cells producing IFN-γ, TNF-α, and IL-2, and percentages of T cells
proliferating after stimulation with rotavirus (RV), tetanus toxoid, and inﬂuenza were evaluated in
PBMC derived from healthy adults and children. In addition, the potential anergic state of RV-speciﬁc
T cells was analyzed by stimulation of PBMC with RV antigen in the presence of three anergy inhibitors
(rIL-2, rIL-12, or DGKα-i). The quality and magnitude of RV-T cell responses were signiﬁcantly lower than
those of tetanus toxoid and inﬂuenza antigens. RV-CD4 T cell response was enriched in monofunctional
IFN-γþ cells, while inﬂuenza-CD4 and tetanus toxoid-CD4 T cell responses were enriched in multi-
functional T cells. Moreover, rIL-2 – unlike rIL-12 or DGKα-i – increased the frequencies of RV-CD4
TNF-αþ , CD4 IFN-γþ , and CD8 IFN-γþ cells. Thus, circulating RV-T cells seem to have a relatively poor
functional proﬁle that may be partially reversed in vitro by the addition of rIL-2.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Before the introduction of routine immunization, rotavirus (RV)
was the main etiological agent of severe acute gastroenteritis (GE)
in children worldwide and the cause of approximately 453,000
deaths of those under the age of 5 (Tate et al., 2012). Although RV
immunization has substantially decreased the RV disease burden,
RV vaccines are less effective and difﬁcult to implement in low
income countries, where they are needed the most (Patel et al.,
2012; Payne et al., 2013; Wikswo et al., 2013). However, a marker
of protection after vaccination remains unidentiﬁed which hinders
improvement of existing or development of new RV vaccines.
Similar to natural infection, vaccination provides non-
sterilizing immunity in children (Angel et al., 2007), and around
50% of adult guardians of children with RV-GE become infected,
and 50% of them can present slight to mild RV disease (Rodriguez
et al., 1987), suggesting that even in adults RV long-term immunity
is incompletely protective. Evidence in animal models and humans
indicate that RV speciﬁc T (RV-T) cells are important for develop-
ment of a protective immune response (Franco et al., 2006).
Studies of the T cell responses to RV in humans by lymphoproli-
feration assays (Mäkelä et al., 2004, 2006; Ofﬁt et al., 1992; Parra
et al., 2014; Yasukawa et al., 1990) have shown that most, but not
all, healthy adults and children have circulating RV-T cells in the
convalescent phase of RV-GE. Moreover, using this method it was
established that in healthy adults approximately 50% of RV-CD4 T
cells express the intestinal homing receptor α4β7 (Rott et al.,
1997).
Using ELISPOT and intracellular cytokine staining assays, we
previously showed that healthy adults have circulating RV-CD4
and RV-CD8 T cells that secrete IFN-γ or IL-2, whereas cells
producing IL-4, IL-13, IL-10, or IL-17 were below detection limits
(Jaimes et al., 2002; Mesa et al., 2010; Narváez et al., 2005; Rojas et
al., 2003). The frequencies of RV-CD4 IFN-γþ and RV-CD8 IFN-γþ
T cells circulating in these subjects are comparable to those
speciﬁc for several mucosal respiratory viruses (Mesa et al.,
2010). However, the majority of RV-CD4 T cells were IFN-γ single
producers, followed by a low percentage of double IFN-γþ/IL-2þ
cells, while IL-2 single producers were below the limit of detection
level. Also, RV-CD8 T cells obtained from healthy adults were
preferentially single IFN-γþ whereas double IFN-γþ/IL-2þ and
single IL-2þ RV-CD8 T cells were rarely observed (Jaimes et al.,
2002; Mesa et al., 2010; Narváez et al., 2005; Rojas et al., 2003).
These ﬁndings suggested that both RV-CD4 and CD8 T cells found
in healthy adults are probably terminally differentiated effector
cells, unable to provide long-term immunity (see below).
Unexpectedly, very low or undetectable frequencies of circulat-
ing RV-CD4 and RV-CD8 IFN-γþ T cells were detected in children
with RV-GE, compared with RV infected and healthy adults (Jaimes
et al., 2002; Mesa et al., 2010; Rojas et al., 2003). Levels of CD4 and
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CD8 T cells producing IL-2, IL-4, IL-10, IL-13 or IL-17 were below
detection levels (Jaimes et al., 2002; Mesa et al., 2010; Rojas et al.,
2003). To date, we have not studied T cell responses to RV in
healthy children to evaluate the effect of age in the detection of RV
T cells. For these reasons, monitoring the RV-CD4 T cells response
after vaccination, to evaluate its value as a marker of protection, is
a challenging task and the development of new strategies is
needed for this purpose.
The linear functional differentiation model for TH1 CD4 T cells
proposes that CD4 T cells producing only TNF-α or IL-2, cells
producing both cytokines (TNF-αþ/IL-2þ), and multifunctional
T cells (TNF-αþ/IL-2þ/IFN-γþ) correspond to central memory
T cells (TCM) with the highest potential for expansion. Double
IFN-γþ/TNF-αþ and IFN-γþ/IL-2þ , which have diminished their
proliferative potential, could be related to effector memory T cells
(TEM), whereas single IFN-γþ T cells – producing at least 10 times
less IFN-γ and with a very low proliferation capacity – would be in
a terminal effector stage (TTE) (Sallusto et al., 2004; Seder et al.,
2008). It was also proposed that CD8 TCM cells may be related to
cells producing the three cytokines (TNF-αþ/IL-2þ/IFN-γþ),
whereas TEM could correspond to cells that have lost IL-2 secretion
capacity, and IFN-γ single producers may be CD8 TTE (Sallusto
et al., 2004; Seder et al., 2008). The frequencies of T cells that
simultaneously produce TNF-α, IL-2, and IFN-γ and that proliferate
in response to RV have not been determined and thus their
classiﬁcation into these functional subsets is uncertain.
Since RV predominantly replicates in mature enterocytes it is
possible that regulatory mechanisms could be triggered in the
tolerogenic gut environment in response to RV. Consistent with
this hypothesis, we observed higher frequencies of RV-CD4 IFN-γþ
T cells after depletion of CD25þ T cells and/or the blocking of the
TGF-β signaling pathway in peripheral blood mononuclear cells
(PBMC) of healthy adults. However, the TGF-β regulatory mechan-
ism that modulates RV-T cells in adults was unobserved in
children (Mesa et al., 2010), suggesting that RV-CD4 T cells could
be modulated by other tolerogenic mechanisms, such as anergy.
Three strategies have been described for reversing the state of
anergy of T cells in culture: stimulating T cells with the antigen in
the presence of IL-2 (Choi and Schwartz, 2007), IL-12 (Dybul et al.,
2000; Suzuki et al., 1999), or R59949, a pharmacological diacyl-
glycerol kinase alpha (DGK-α) inhibitor (Olenchock et al., 2006;
Zha et al., 2006). Increased frequencies of antigen-speciﬁc cells are
observed in cultures stimulated in the presence of these mole-
cules, contrasted with those cultured in their absence.
In the present study, we evaluated, in healthy adults and
children, the frequencies of circulating T cells producing cytokines
(IFN-γ, TNF-α, and IL-2) and proliferating after stimulation with
RV. As control antigens, we simultaneously studied the well
characterized T cell responses to tetanus toxoid (Livingston et al.,
2013) and inﬂuenza (Kannanganat et al., 2007; Weaver et al.,
2013). Furthermore, we explored if increased frequencies of
cytokine producing RV-CD4 and CD8 T cells were detected in the
presence of IL-2 (Choi and Schwartz, 2007), IL-12 (Dybul et al.,
2000; Suzuki et al., 1999), or R59949 (Olenchock et al., 2006; Zha
et al., 2006), the three strategies previously described for reversing
the state of anergy of T cells in culture.
We observed that the frequencies of circulating RV-T cells
producing any cytokine studied or proliferating in response to
RV were lower than those speciﬁc for tetanus toxoid and inﬂuenza.
In addition, the RV-CD4 T cell response was enriched in IFN-γþ
cells, while tetanus toxoid-CD4 and inﬂuenza-CD4 T cell responses
were enriched in cells that produce at least two cytokines. Finally,
we found that rIL-2 – unlike rIL-12 or DGKα-i – increased the
frequencies of RV-CD4 TNF-αþ , RV-CD4 IFN-γþ and RV-CD8
IFN-γþ cells in the cultures of PBMC from adults.
Results
Frequencies of circulating RV-CD4 T cells producing IFN-γ, TNF-α,
or IL-2 are lower than their tetanus toxoid and inﬂuenza virus
counterparts
PBMC from healthy adults (n¼13) were stimulated with SEB
(positive control), RV, tetanus toxoid, inﬂuenza virus, dialyzing
medium (negative control for RV), or PBS 1 (negative control for
tetanus toxoid and inﬂuenza). We contrasted the frequencies of
T cells producing any of three cytokines (IFN-γ, TNF-α, and IL-2)
after stimulation with the different stimuli using intra-cellular
cytokine staining and ﬂow cytometry (a representative experi-
ment is shown in Supplementary Figure 1). Frequencies of CD4
and CD8 T cells producing any cytokine after stimulation with RV,
tetanus toxoid, or inﬂuenza virus (Fig. 1A and B) were signiﬁcantly
higher than those stimulated by their respective negative controls.
The net (stimulus minus control) frequencies of RV-CD4 T cells
producing any cytokine were signiﬁcantly lower than those
speciﬁc for tetanus toxoid (p¼0.009, data not shown) and
inﬂuenza virus (p¼0.002, data not shown). Net frequencies of
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Fig. 1. Frequencies of circulating T cells producing any cytokine (IL-2, IFN-γ and TNF-α) in response to RV, tetanus toxoid, or inﬂuenza. Fresh PBMC from healthy adults were
cultured with SEB (1.25 μg/ml, positive control), RV (TLPs, 1 μg/ml), tetanus toxoid (TT, 4.8 μg/ml), inﬂuenza (Vaxigrip, 0.25 μg/ml), Medium (RV-TLPs dialyzing media,
negative control for RV), or PBS 1 (negative control for tetanus toxoid and inﬂuenza) in the presence of anti-CD28 and anti-CD49d MAbs for 10 h; Brefeldin A was added for
the last 5 h of incubation. Frequencies of live CD4 (A) and CD8 (B) T cells producing IL-2, IFN-γ, and TNF-α were evaluated by intracellular cytokine staining and ﬂow
cytometry. Wilcoxon tests were used to evaluate differences among groups.
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RV speciﬁc T CD8 cells were lower than their tetanus counterpart
(p¼0.034, data not shown), but not different from those speciﬁc
for inﬂuenza (p¼0.061, data not shown). Similar results were
obtained for CD4 T cells in studies realized with PBMC from ﬁve
healthy children, but statistically signiﬁcant RV-CD8 T cells
responses were unobserved (Supplementary Figure 2).
RV-CD4 T cells are enriched in IFN-γ single producers, whereas
tetanus toxoid- and inﬂuenza-CD4 T cells are multifunctional
We used Boolean gates to evaluate net frequencies of multi-
functional and monofunctional cytokine producing CD4 T cells after
stimulation with RV (Fig. 2A), SEB (Fig. 2B), tetanus toxoid (Fig. 2C),
or inﬂuenza virus (Fig. 2D). In general, CD4 T cells stimulated with
RV, SEB, tetanus toxoid, and inﬂuenza virus were different regarding
the response quality. The majority of RV-CD4 T cells were single
IFN-γþ or TNF-αþ producers; CD4 T cells stimulated with SEB were
mainly double IL-2þ/TNF-αþ and single IL-2þ or TNF-αþ; tetanus
toxoid-CD4 T cells were double IL-2þ/TNF-αþ , single TNF-αþ , and
triple IL-2þ/IFN-γþ/TNF-αþ; ﬁnally, the majority of inﬂuenza virus-
CD4 T cells were triple IL-2þ/IFN-γþ/TNF-αþ and single IFN-γþ or
TNF-αþ .
Compared with RV-CD4 T cells, those stimulated with SEB had
higher frequencies of IL-2þ/TNF-αþ (p¼0.0001) and IL-2þ (p¼0.0002)
cells, but lower frequencies of IFN-γþ/TNF-αþ (p¼0.007) cells. In
contrast, frequencies of RV-CD4 IFN-γþ T cells were signiﬁcantly higher
than CD4 IFN-γþ Tcells observed in response to SEB (p¼0.001), tetanus
toxoid (p¼0.0001), and inﬂuenza (p¼0.007). Both tetanus toxoid- and
inﬂuenza-CD4 T cells had higher percentages of cells producing the
three cytokines (IL-2, IFN-γ, and TNF-α, p¼0.017 and p¼0.002,
respectively) compared with RV-CD4 T cells. Also, tetanus toxoid-CD4
T cells IL-2þ/TNF-αþ were signiﬁcantly higher than the RV-CD4 T cells
counterpart (p¼0.0001). Additionally, frequencies of inﬂuenza-CD4
IL-2þ/IFN-γþ T cells were signiﬁcantly higher (p¼0.0005) than RV-
CD4 IL-2þ/IFN-γþ T cells. Comparable results (predominance of mono-
functional RV-T cells vs. polyfunctional tetanus toxoid and inﬂuenza
T cells) were observed when the responses of CD4 T cells from healthy
children were analyzed in a similar fashion (Supplementary Figure 3).
Globally, the functional proﬁles of CD8 T cells stimulated with
RV (Fig. 3A), SEB (Fig. 3B), tetanus toxoid (Fig. 3C), and inﬂuenza
virus (Fig. 3D) were similar. RV- and inﬂuenza-CD8 T cells were
enriched in IFN-γþ single producers followed by double IFN-γþ/
TNF-αþ cells; likewise, after stimulation with SEB CD8 T cells were
mainly single IFN-γþ and double IFN-γþ/TNF-αþ , followed by
single TNF-αþ . Comparatively, frequencies of RV-CD8 IFN-γþ
T cells (Fig. 3A) were signiﬁcantly higher than those observed
after tetanus toxoid (p¼0.001) (Fig. 3C), but similar to SEB (Fig. 3B)
and inﬂuenza-CD8 IFN-γþ T cells (Fig. 3D). After stimulation with
SEB, CD8 IL-2þ/IFN-γþ (p¼0.047), IL-2þ/TNF-αþ (p¼0.010), IFN-
γþ/TNF-αþ T cells (p¼0.034), TNF-αþ (p¼0.040), and IL-2þ
(p¼0.037) were signiﬁcantly higher than the corresponding RV-
speciﬁc T cell subsets. Compared with tetanus toxoid-CD8 IL-2þ/
TNF-αþ T cells, RV-CD8 IL-2þ/TNF-αþ T cells were signiﬁcative
lower (p¼0.002).
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Fig. 2. Patterns of cytokine production by CD4 T cells of healthy adults stimulated with RV, SEB, tetanus toxoid, and inﬂuenza antigens. Boolean analysis of net speciﬁc CD4 T
cells producing cytokines (from Fig. 1A) was used to determine the relative frequencies of RV (A), SEB (B), tetanus toxoid (C), and inﬂuenza (D) CD4 T cells that produce IL-2,
IFN-γ, and TNF-α individually or in combination. Wilcoxon tests were used to assess differences between groups. Letters inside graphics represent signiﬁcant differences in
cytokine production: a (RV vs. SEB), b (RV vs. tetanus toxoid), and c (RV vs. inﬂuenza).
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Taking into account the linear functional differentiation model
for TH1 CD4 T cells proposed by Seder et al. (2008) and described
above, RV-CD4 T cells may correspond to TTE populations. To
determine the phenotype of the responding T cells, PBMC from a
subset of volunteers were stimulated with RV, tetanus toxoid, and
inﬂuenza and were later stained with the same protocol described
in Materials and Methods, but including antibodies against
CCR7 and CD45RA. As expected, the frequencies of TTE(CCR7-,
CD45RAþ) RV-CD4 T cells were higher (po 0.03) than for any
other subset (Supplementary Figure 4). In contrast, the frequencies
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Fig. 3. Patterns of cytokine production by CD8 T cells of healthy adults stimulated with RV, SEB, and inﬂuenza antigens. Boolean analysis of net speciﬁc frequencies of CD8 T
cells producing cytokines (from Fig. 1B) was used to determine the relative frequencies of RV (A), SEB (B), and inﬂuenza (C) CD8 T cells that produce IL-2, IFN-γ, and TNF-α
individually or in combination. Wilcoxon tests were used to assess differences between groups. Letters inside graphics represent signiﬁcant differences in cytokine
production cells: a (RV vs. SEB) and c (RV vs. inﬂuenza).
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Fig. 4. Proliferation of T cells after stimulation with RV, tetanus toxoid, and inﬂuenza antigens. Fresh PBMC from healthy adults were stained with CFSE and cultured with
SEB (1.25 μg/ml, positive control), RV (TLPs, 1 μg/ml), tetanus toxoid (TT, 12 μg/ml), inﬂuenza (Vaxigrip, 0.25 μg/ml), medium (RV-TLPs dialyzing media, negative control for
RV), or PBS 1 (negative control for tetanus toxoid and Vaxigrip) in the presence of anti-CD28 and anti-CD49d MAbs, and incubated in complete culture medium for 5 days.
Cells were stained with antibodies against CD3, CD4, and CD8: proliferation of CD4 (A) or CD8 (B) T cells was evaluated by CFSE dilution. Wilcoxon tests were used to evaluate
differences among groups.
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of RV-CD4 TCM(CCR7þ , CD45RA-) cells were lower than those
speciﬁc for tetanus toxoid (p¼0.03) and tended to be lower than
those speciﬁc for inﬂuenza (p40.05) (Supplementary Figure 4).
In conclusion, RV-CD4 T cells are enriched in monofunctional
cells (IFN-γþ), whereas tetanus toxoid and inﬂuenza-CD4 T cells
have higher frequencies of double IL-2þ/TNF-αþ , and triple
IFN-γ
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Fig. 5. PBMC stimulated with RV secrete IFN-γ, TNF-α, GM-CSF, RANTES, MCP-1, and IL-10, but not IL-4, IL-6, IL-17A, IL-9, or IL-2. Fresh PBMC from healthy adults were
cultured with SEB (1.25 μg/ml, positive control), RV (TLPs, 1 μg/ml), and medium (RV-TLPs dialyzing media, negative control for RV) for 5 days. Levels of cytokines and
chemokines accumulated in culture supernatants were measured using CBA. Horizontal line and bars represent median with interquartile range values of 11 independent
experiments. The dotted lines represent the limit of detection for each analyte. Wilcoxon tests were used to evaluate differences among groups.
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IL-2þ/IFN-γþ/TNF-αþ cells, respectively. The functional proﬁle of
CD8 T cells stimulated with RV had fewer differences than those
speciﬁc for the other antigens, especially inﬂuenza.
Lower frequencies of CD4 and CD8 T cells proliferating in response
to RV are observed in comparison with tetanus toxoid and
inﬂuenza virus
Next, the frequencies of T cells that proliferate after stimulation
with RV, tetanus toxoid, or inﬂuenza were compared using CFSE
staining. PBMC of healthy adults were stimulated and cultured for
5 days as described below. The frequencies of CD4 (Fig. 4A) and CD8
T cells (Fig. 4B) that proliferated in response to RV, tetanus toxoid, and
inﬂuenza were signiﬁcantly higher than those in the corresponding
negative controls. The net (stimulus minus control) frequencies of CD4
and CD8 T cells proliferating after stimulation with RV (median 1.18%;
range: 0.09–3.23%, and median 1.46%; range: 0.06–4.93%, respectively)
were signiﬁcantly lower than those observed after tetanus toxoid
(median 3.61%; range: 0.52–21.4%; p¼0.002, and median 3.87%;
range: 0.1–11.4%; p¼0.024, respectively), or inﬂuenza virus stimulation
(median 3.88%; range: 0.1–11.4%; p¼0.009, and median 1.46%; range:
0.06–4.93%; p¼0.019, respectively). Statistically signiﬁcant prolifera-
tive responses of CD4 and CD8 T cells from children were unobserved
after stimulation with any of the three antigens (Supplementary
Figure 5).
Supernatants from these PBMC proliferation cultures stimu-
lated with RV and dialyzing medium were harvested for quantita-
tion of cytokines/chemokines by CBA. In comparison with PBMC
from healthy adults treated with dialyzing medium, RV treated
PBMC secreted IFN-γ, TNF-α, GM-CSF, RANTES, MCP-1 and IL-10
(Fig. 5, po0.05, Wilcoxon test). RV did not induce the secretion of
IL-4, IL-6, IL-17A, IL-9, and IL-2 (data not shown). No signiﬁcant
differences were evidenced in cytokines/chemokines present in
PBMC cultures supernatants from healthy children stimulated
with RV and dialyzing medium (data not shown).
rIL-2, unlike rIL-12 or DGKα-i, increased RV-T cell responses detected
in adults
To explore if potentially anergic RV-T cells exist in healthy
adults, PBMC from these individuals were stimulated with RV in
the absence or presence of rIL-2 (Choi and Schwartz, 2007), rIL-12
(Dybul et al., 2000; Suzuki et al., 1999), and diacylglycerol kinase
alpha inhibitor (DGKα-i) (Olenchock et al., 2006; Zha et al., 2006)
—three strategies proposed for reversing the state of anergy of
T cells in culture. For these experiments we included in the ﬂow
cytometry panel antibodies against CD69 to evaluate recently
activated T cells, and IL-13 for detecting potential TH2 cells; as
stated before, although RV-T cells are predominantly TH1, we
previously observed RV-IL-13þ T cells in samples of a few children
and adults (Mesa et al., 2010).
In these experiments, the frequencies of CD69þ–TNF-αþ , IFN-γþ ,
IL-13þ , and IL-2þ CD4 and CD8 T cells in control cultures (Medium)
did not increase signiﬁcantly (p40.05; Wilcoxon test) after exposure
to 100 IU/mL rIL-2. CD69þ–IL-13þ and IL-2þ CD4 T cells were
not evidenced in cultures exposed neither to RV nor after exposure
to RV plus rIL-2. On the contrary, CD69þ–TNF-αþ and IFN-γþ
CD4 T cells evidenced in cultures with RV increased signiﬁcantly
(po0.05; Wilcoxon test) when exposed to RV plus rIL-2; speciﬁcally,
CD69þ–TNF-αþ CD4 T cells increased from a median of 0.020%
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Fig. 6. Effect of rIL-2 on the frequencies of RV-CD69þ T cells producing cytokines. PBMC from healthy adults were cultured for 10 h with RV (TLPs, 1 μg/ml) or medium (RV-
TLP dialyzing media, negative control for RV) in the presence of anti-CD28 and anti-CD49d MAbs, and in the absence or presence of rIL-2 (100 UI/ml); Brefeldin A and
monensin were added during the last 5 h. Production of IFN-γ, TNF-α, IL-2, and IL-13 was evaluated in CD4 (A) and CD8 (B) T cells by intracellular cytokine staining and ﬂow
cytometry. Friedman test (p value at bottom of each graph), and Wilcoxon test (p on the lines) were used to compare differences among several or only two antigens or
treatments.
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(range 0.011–0.026%) to 0.040% (range 0.018–0.061%), and CD69þ–
IFN-γþ CD4 T cells rose from 0.05% (range 0.015–0.150%) to 0.115%
(range 0.097–0.374%) (Fig. 6A). CD69þ–TNF-αþ , IL-13þ , and IL-2þ
CD8 T cells were not evidenced in cultures with RV; after exposure to
rIL-2, TNF-αþ (Fig. 6B), and IL-13þ CD8 T cells, but not IL-2þ (data
not shown) increased slightly; however, CD69þ–IFN-γþ CD8 T cells
detected in cultures with RV increased in the presence of rIL-2 from
0.056% (range 0.044–0.078%) to 0.153% (range 0.098–0.268%) (Fig. 6B,
po0.05; Wilcoxon test).
A Boolean gating analysis of the net frequencies of cytokineþ
CD4 and CD8 T cells, evidenced that the principal effect of rIL2 was
on the single IFN-γþ RV-T cells, although a small increment
(po0.05; Wilcoxon test) was also observed for double IFN-γþ/
TNF-αþ RV-T cells (Supplementary Figure 6).
In the cultures exposed to rIL-12 (Supplementary Figure 7), sig-
niﬁcant increments were observed for RV-CD4 T cells CD69þ–IFN-γþ
and RV-CD8 T cells CD69þ–IFN-γþ . However, signiﬁcant increments
in the frequencies of CD4 and CD8 T cells CD69þ–IFN-γþ were also
observed in their respective control cultures (MediumþrIL-12), com-
pared with medium without rIL-12 (Medium) (Supplementary
Figure 7).
In the cultures stimulated in the presence of DGKα-i
(Supplementary Figure 8), signiﬁcant increases were observed
for RV-CD4 T cells CD69þ–TNF-αþ and IFN-γþ (Supplementary
Figure 8). However, in their corresponding control cultures
(MediumþDGKα-i), signiﬁcant increments in the frequencies of
RV-CD4 T cells CD69þ–TNF-αþ and IFN-γþ were also observed
(Supplementary Figure 8).
In summary, the addition of rIL-2 increased the frequencies of
CD69þ–TNF-αþ and IFN-γþ T cells activated in the presence of RV
but not control antigen. The rIL-12 and DGKα-i increased frequen-
cies of cells both in RV and control media stimulated cells.
Discussion
Frequencies of cytokine producing and proliferative responses
of circulating T cells from healthy adults and children stimulated
with RV, tetanus toxoid, and inﬂuenza virus were contrasted.
Frequencies of RV-CD4 T cells producing cytokines were signiﬁ-
cantly lower compared with tetanus toxoid- and inﬂuenza-CD4
T cells (Fig. 1). In contrast, frequencies of RV- and inﬂuenza-CD8
T cells producing cytokines were similar. RV-CD4 T cells were
enriched in single IFN-γ, whereas tetanus toxoid- and inﬂuenza-
CD4 T cell responses were enriched in cells that produce at least
two cytokines. Moreover, the magnitudes of proliferative
responses were signiﬁcantly higher in response to tetanus toxoid
and inﬂuenza than to RV stimulus. Finally, the stimulation of PBMC
with RV in the presence of rIL-2 – but not rIL-12 or DGKα-i –
increased the frequencies of RV-CD4 TNF-αþ or IFN-γþ and
RV-CD8 IFN-γþ cells detected in the cultures of PBMC from adults.
Frequencies of RV-CD4 and RV-CD8 T cells IFN-γþ detected in
this study are in agreement with our previous results (Jaimes et al.,
2002; Narváez et al., 2005; Rojas et al., 2003). Also in agreement
with our previous studies, low percentages of RV-CD4 T cells IL-2þ
were detected in some healthy adults PBMC (Mesa et al., 2010,
2007; Narváez et al., 2005). This is the ﬁrst report of frequencies of
T cells secreting TNF-α after PBMC stimulation with RV. In the past,
increased plasma levels of TNF-α, evaluated by ELISA, were
detected in acutely RV infected children compared with uninfected
children (Azim et al., 1999). Besides, TNF-α in serum, measured by
Luminex™ assays, was related to the presence of fever and more
diarrheal episodes in the acute phase of infection in children (Jiang
et al., 2003).
Our results are in accordance with previous reports showing
that tetanus toxoid-CD4 T cell response has a greater proportion of
double positive cells IL-2þ/TNF-αþ followed by triple IL-2þ/TNF-
αþ/IFN-γþ CD4 T cells (Livingston et al., 2013). Our results are also
in agreement with studies of inﬂuenza-CD4 T cells showing a TH1
pattern of cytokine expression, including triple IL-2/TNF-α/IFN-γ
CD4 T cells (Kannanganat et al., 2007; Weaver et al., 2013).
Differences in T cell responses to these two antigens with
responses to RV can be explained by multiple variables (inocula-
tion route, vaccine adjuvants, etc.). The fact that the T cell
responses we observed for these two antigens correspond to those
reported in the literature indicates that the unique characteristics
of RV T cell responses we have described are probably indepen-
dent of the study population and our experimental protocol.
RV, tetanus toxoid, and inﬂuenza-CD4 T cells are particularly
enriched in CD4 T cells that produce one, two, and three
cytokines, respectively (Fig. 2). In the context of the linear
functional differentiation model for TH1 CD4 T cells proposed
by Seder et al. (2008), RV-CD4 T cells may correspond to TTE
populations, whereas tetanus toxoid- and inﬂuenza-CD4 T cells
may be related with TCM memory populations (Seder et al.,
2008). Experiments studying the phenotype of the responding
cells support this hypothesis (Supplementary Figure 4). The
RV-CD8 T cells (Fig. 3) seem also to be related with TTE, because
the majority of cells were IFN-γ single producers and had low
proliferation capacity (Sallusto et al., 2004; Seder et al., 2008),
whereas inﬂuenza-CD8 T cells were IFN-γ single producers but
with an increased proliferative response and may thus probably
be related to TEM (Mahnke et al., 2013; Sallusto et al., 2004;
Seder et al., 2008).
This is the ﬁrst time we have studied cytokine secreting and
proliferating RV-T cells in healthy children. The response seems to
be comparable to that of children of similar age (2–8 years) with
non RV diarrhea studied in the past (Jaimes et al., 2002; Narváez
et al., 2005; Rojas et al., 2003) and lower than that of healthy
adults (compare Figs. 1 and 4 to Supplementary Figures 2 and 5).
Of note, the predominance of monofunctional RV-Tcells was also
observed in children (Supplementary Figure 3), indicating that the
presence of monofunctional RV-T cells in adults is not solely due to
the age of the subjects, but that this characteristic appears after
infection at an early age.
CD4 and CD8 proliferative responses to all three antigens
(RV, tetanus toxoid, and inﬂuenza) were observed (Fig. 4). The
frequencies of CD4 T cells proliferating to tetanus toxoid in the 7th
(Livingston et al., 2013) or 8th day of cultures (Salkowitz et al.,
2004) are similar to our results and highlight the robustness of the
assay. Proliferation responses to RV were also comparable to those
reported in previous studies (Mäkelä et al., 2006; Ofﬁt et al., 1992;
Yasukawa et al., 1990). The percentages of CD4 and CD8 T cells that
proliferated in response to RV were signiﬁcantly lower compared
with those to tetanus toxoid (Wilcoxon test, p¼0.002 and
p¼0.024, respectively) and inﬂuenza (Wilcoxon test, p¼0.009
and p¼0.019, respectively) suggesting that this function is related
to their poor capacity to secrete IL-2.
Since RV predominantly replicates in the intestine it is possible
that T cells responses in this organ (Farber et al., 2014;
Sathaliyawala et al., 2013) may be different to what we have
observed in circulating T cells. In support of this possibility, studies
in mice (Jaimes et al., 2005) have shown that although the
epitopes recognized by intestinal and systemic RV T cells are
similar, the kinetics of appearance, frequencies and relative speci-
ﬁcity of these T cells may differ. However, using microbead
puriﬁed T cells (Rojas et al., 2003) and, recently, class II tetramers
(Parra et al., 2014), we have shown that a subset of human blood
RV CD4 T cells express intestinal homing receptors. This suggests
that they have been primed in the intestine and, at least this
subset, may represent their intestinal counterparts. Future studies
with human intestinal RV T cells will be important to evaluate if
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they also have a poor functional proﬁle and to determine the
factors that induce this proﬁle in their circulating counterparts.
After 5 days of stimulation of PBMC from healthy adults with
RV, we observed a signiﬁcant increase of IFN-γ, TNF-α, GM-CSF,
RANTES, MCP-1, and IL-10 (Fig. 5) in the proliferation super-
natants, compared with controls. These cytokines and chemokines
could reﬂect preferentially a TH1-biased response associated with
an antiviral immune function (Barouch et al., 2002). However, the
detection of IL-10 could reﬂect a regulatory T cell response at late
times of infection, as previously proposed by our group (Mesa
et al., 2007). Although no statistical differences were found in
levels of cytokines in supernatants from PBMC of healthy children
stimulated with RV (data not shown), some of these cytokines
have been detected in the serum of infected children (Chen et al.,
2012; Jiang et al., 2003). It remains to be determined which
populations of the PBMC are responsible for the production of
each cytokine.
Multifunctional CD4 and CD8 T cells are associated with
protection against different pathogens such as Leishmania major
(Darrah et al., 2007), HIV (Boaz et al., 2002), HCV (Semmo et al.,
2005), dengue virus (Weiskopf et al., 2013), and Mycobacterium
tuberculosis (Millington et al., 2007). RV-CD4 T cells were enriched
in cells that only produce IFN-γ (Fig. 2) had comparatively low
proliferative response (Fig. 4) and were relatively enriched in TTE
(Supplementary Figure 4); these results suggest that circulating
RV-CD4 T cells have a poor functional proﬁle, and may help us
explain why children are only partially protected after primary RV
infection or vaccination.
As previously stated, the unexpected low frequency of circulat-
ing RV-T cells detected in children with GE could be characteristic
of highly regulated intestinal immune responses. We previously
described a TGF-β regulatory mechanism that modulates RV-T
cells in adults, which was unobserved in children (Mesa et al.,
2010) suggesting that RV-CD4 T cells could be modulated by other
tolerogenic mechanisms. It has been described that the absence of
IL-2 (a key T cell growth factor) during antigen-speciﬁc T cell
stimulation induces anergic T cells (Choi and Schwartz, 2007). To
explore this possibility, the effect of rIL-2, rIL-12, or DGKα-I on the
frequency of CD69þ cytokineþ RV-T cells detected in adults was
explored; signiﬁcant increments of RV-CD69þ IFN-γþ or TNF-αþ
T cells were observed in cultures exposed to rIL-2, but not to IL-12
or DGKα-I. Speciﬁcally, the increases were mainly in single IFN-γþ
CD4 and CD8 T cells and also a small increase in double IFN-γþ/
TNF-αþ T cells; both types of cells subsets correspond to TEM cells
(Seder et al., 2008). The improved response of CD8 T cells in the
presence of IL-2 suggests that CD4 T cells help for their develop-
ment, as has been described in some animal viral models and in
HIV patients (Lieberman et al., 2001). In the present study, the
higher frequencies of RV-T TNF-αþ or IFN-γþ cells revealed in the
presence of rIL-2 seem to be speciﬁc due to the absence of
increments in the control cultures exposed to medium. These
observations are at odds with previous data reporting increments
in the production of TNF-α and IFN-γ from cultures of PBMC with
rIL-2 and without antigen after 24 h, a difference that could be
attributed to the time of incubation (Sereti et al., 2000). Other
reports that have used rIL-2 for reversing anergy in humans have
been performed mostly with T cell lines or clones, with variable
results in proliferation, cytokine production, or antigen speciﬁcity
(Boon et al., 2005; Lyngstrand et al., 2002). In ex-vivo human T cell
cultures, rIL-2 increased the frequency of CD4þ IFN-γþ T cells
detected in HIV infected patients (Gu et al., 2007).
The frequencies of RV-T cells increased after stimulation with RV
and rIL-12 (RV-CD4 and CD8 T cells IFN-γþ) or RV plus DGKα-i (RV-
CD4 T cells TNF-αþ and IFN-γþ), but so did the frequencies of the
control stimuated cells (MediumþrIL-12 and MediumþDGKα-i).
These effects could be attributed to TCR-independent activation.
Additional experiments are needed to further determine the speciﬁ-
city of RV-T cells revealed in the presence of molecules used for
reversing the state of anergy of T cells. For example, simultaneous
staining with RV class I and class II tetramers (Parra et al., 2014) could
contribute to determine the speciﬁcity of RV-T cells that are increased
in the presence of these molecules.
Studies stimulating RV-T cells in the presence of rIL-2 or rIL-12
could be useful to evaluate the T cell response in vaccinated
children, as these infants may have poorly functional APCs
(Krumbiegel et al., 2007; Velilla et al., 2006). Although we could
not detect a speciﬁc effect of IL-12 on RV-T cells from adults, it
could be necessary to explore the effect of this cytokine in
children; particularly, since higher frequencies of measles IFN-γþ
T cells were detected in samples from children cultured with IL-12
and IL-15 (Gans et al., 2008).
In summary, altogether our experiments suggest that circulat-
ing RV-CD4 T cells are related to CD4 TTE, whereas tetanus toxoid-
and inﬂuenza-CD4 T cells are related to CD4 TCM (Figs. 2 and 4 and
Supplementary Figure 4). These results may partially explain why
immunity to RV is relatively inefﬁcient. Moreover, addition of rIL-2
increased the cytokine production of circulating RV-T cells, sug-
gesting that this treatment may be useful to study the T cell
response induced by RV vaccines in infants, and its assessment as a
marker of protection.
Materials and methods
Subjects
After written informed consent had been signed by adult
volunteers, parents or legal guardians of children, heparinized
blood samples were obtained from 25 healthy adults (19–50 years
old) and ﬁve children (2–8 years old). PBMC were isolated by
density gradient centrifugation (Lympho Separation Medium, MP
Biomedicals, Santa Ana, CA) and stimulated immediately. Studies
were approved by the Ethics Committee of the San Ignacio
Hospital and Pontiﬁcia Universidad Javeriana.
Antigens
The RRV strain of simian RV (obtained from Dr. H. B. Greenberg,
Stanford University CA) was grown in MA104 cells and viral Triple-
Layer Particles (TLPs) were puriﬁed by ultracentrifugation in CsCl
gradient (Jaimes et al., 2002). The puriﬁed TLPs preparations had
titters between 2.5108 and 1109 focus forming units (ffu)/ml.
The TLPs were dialyzed against RPMI three times prior to use and
the third fraction of these dialyzing media was used as control
(Medium). The TLPs protein concentration was calculated by
Bradford or BCA (Pierce Biotechnology, Rockford, IL) methods.
RRV has been used as a human vaccine and human T cell responses
to this virus are comparable to those against a human RV (Jaimes
et al., 2002; Mesa et al., 2010; Narváez et al., 2005; Rojas et al.,
2003).
To assess inﬂuenza-speciﬁc T cell responses the inactivated
split virus inﬂuenza vaccine (Vaxigrips, Sanoﬁ Pasteur) produced
for the southern hemisphere 2009–2010 season (A/Brisbane/59/
2007 (H1N1)-like strain, A/Brisbane/10/2007 (H3N2)-like strain, B/
Brisbane/60/2008-like strain) was used. Tetanus Toxoid (Statens
Serum Institute, Denmark) for in vitro tests (606 Lf/ml) was used to
evaluate tetanus-speciﬁc T cell responses. For both Vaxigrip and
tetanus toxoid, PBS was used as a negative control.
For each antigen used in the intracellular cytokine staining and
lymphoproliferative assays, the ideal concentration in terms of
μg/ml to stimulate T cells was established in titration assays
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according to the maximum viability and the signal to noise ratio
obtained (data not shown).
Stimulation of PBMC with RV, tetanus toxoid, and inﬂuenza vaccine
PBMC obtained by Ficoll-Paque density gradient centrifugation
were washed twice with PBS 1 and resuspended in AIM-Vs
medium (Life technologies, Carlsbad, CA). Then, one million
PBMC/ml were distributed in 15 ml polystyrene tubes (Becton
Dickinson Falcon Labware, Franklin Lakes, N.J.) and stimulated
with 1.25 μg/ml superantigen staphylococcal enterotoxin B (SEB;
Sigma, St. Louis, MO), 1 μg/ml dialyzed RRV TLPs, 0.25 μg/ml
inﬂuenza vaccine, 12 μg/ml tetanus toxoid, Medium, or PBS.
Anti-CD28/CD49d monoclonal antibodies (Mabs) (1 μg/ml each;
BD Biosciences, San Jose, CA) were added as co-stimulators
(Waldrop et al., 1998; Waldrop et al., 1997). In assays for evaluating
the state of anergy of T cells, PBMC were stimulated as previously
described in the presence of 100 IU/ml rIL-2 (Chiron, Emeryville,
CA), 5 IU/ml rIL-12 (Preprotech, Rocky Hill, CT) or 25 μM DGKα-i
(Sigma); these concentrations were set according to previous
titration assays.
Stimulated PBMC were incubated with a 51 slant for 10 h at
37 1C with 5% CO2; 10 μg/ml Brefeldin A (Sigma) was added for the
last 5 h of the incubation; in the experiments for anergy 5 μg/ml
Brefeldin A and 5 ug/ml Monensin (Sigma) were used.
Intracellular cytokine detection
After incubation, cells were washed once with 10 ml of PBS 1 .
Then, 2 mM EDTA (GIBCO, N.Y.) in PBS was added for 5 min to
detach plastic-adherent cells, and the samples were washed again
with PBS. PBMC were stained with Aqua viability reagent (Invitro-
gen Molecular Probes, Eugene, OR) for 10 min at room tempera-
ture (RT), followed by staining with conjugated Mabs against
CD14-V500 and CD19-V500, as a dump channel, CD3-paciﬁc blue,
CD4-PerCP-Cy5.5, and CD8-APC-H7 for 20 min at RT. In a subset of
experiments antibodies against the differentiation markers CCR7-
PECy7 and CD45RA-PE were also included. After two wash steps,
the ﬁrst one with PBS and the second one with staining buffer (SB;
PBS plus 0.5% bovine serum albumin [Merck, Darmstadt, Germany]
plus 0.02% sodium azide [Mallinckrodt Chemicals, Paris, Ky.]), cells
were permeabilized with 250 μl of Cytoﬁx/Cytoperm solution (BD
Biosciences) for 30 min at 4 1C and washed twice with 1 ml of
Perm/Wash solution (BD Biosciences). Then, Mabs against IL-2-
FITC, IFN-γ-PE-Cy7 and TNF-α-APC were added and incubated for
20 min at RT.
For anergy experiments the ﬂuorochrome combination was
slightly modiﬁed and included Mabs against CD69-PE-Cy7, IL-13
PE, IL-2-Alexa Fluor 700 (Biolegend), IFN-γ-FITC and TNF-α-APC.
All antibodies used in the study were from BD Biosciences, except
where indicated. Finally, the cells were washed twice with Perm/
Wash and resuspended in 250 μl of the same solution.
Cells were acquired on FACSAria (BD Biosciences) or LSR
Fortessa (BD Biosciences) ﬂow cytometers with FACSDIVA soft-
ware 6.1.2 (BD Biosciences); application settings were implemen-
ted to guarantee constant ﬂuorescence intensity values among
experiments run on different days and regardless of the ﬂow
cytometer used. At least 300,000 lymphocytes, gated on a
forward-scatter window, were acquired and afterwards analyzed
with FlowJo software v.9.3.2. (Treestar, Ashland, OR). After exclud-
ing doublets and dead cells, T cells were gated on a CD3 window
and were further divided into CD4 and CD8 T cells. Based on these
windows total IL-2, IFN-γ, and TNF-α producing CD4 or CD8 T cells
were deﬁned. Subsequently, a Boolean gating analysis was per-
formed and seven populations were deﬁned in addition to the
total IL-2þ , IFN-γþ , and TNF-αþ CD4 or CD8 T cells subsets.
Responses were considered positive if the frequency of the deﬁned
subsets was at least twice that of the respective control and above
0.02%. For anergy assays, results are reported as percentage of
cytokine positive CD69þCD4þ or CD69þCD8þ T cells in cultures
exposed to control media and RV antigen in the absence and
presence of rIL-2, rIL-12 or DGKα-I; signiﬁcant increments in the
percentages of T cells producing cytokines in the presence of those
treatments, when compared to the basal response, were consid-
ered as evidence of the existence of anergy T cells. Additionally,
Boolean gating analysis was performed and 15 populations were
deﬁned in addition to the total IL-2þ , IFN-γþ , IL-13þ and TNF-αþ
CD4 or CD8 T cells subsets; these results are reported as net
values (RV minus Medium or [RVþtreatment] minus [Mediumþ
treatment]).
PBMC proliferation assay
T cell proliferation was evaluated by carboxyﬂuorescein succi-
nimidyl ester (CFSE) staining, as previously reported (Quah and
Parish, 2010; Quah et al., 2007), with some modiﬁcations. Brieﬂy,
410106 fresh PBMC were resuspended in 1 ml of PBS 1 ,
placed in a 15 ml conical tube, and stained with CFDA-SE (Cell-
Trace™ CFSE Cell Proliferation Kit, Invitrogen Molecular Probes).
The cells were incubated for 5 min at RT, protected from light and
then washed 3 times with 10 ml of PBS 1 FBS 5% at RT. Finally,
the cells were diluted in 1 ml of RPMI supplemented with 10%
ABþ human serum (Multicell, human serum AB, Wisent INC,
Canada). After CFSE staining, PBMC were stimulated with the
antigens as previously described, except for tetanus toxoid that
was used at 4.8 μg/ml, and cultured for 5 days at 37 1C with 5%
CO2. Then, cells were harvested, washed twice with PBS 1 , and
stained with Violet viability reagent (Invitrogen Molecular Probes)
for 10 min and then with anti-CD3-PE, CD4-PerCP-Cy5.5 and CD8-
APC-H7 and incubated for 30 min at RT. Finally, the cells were
resuspended in 250 μl of PBS, acquired in a FACSAria ﬂow
cytometer and analyzed with FlowJo software v.9.3.2.
Quantiﬁcation of cytokines and chemokines in proliferation assay
supernatants
Human IFN-γ, IL-2, TNF-α, IL-10, IL-6, IL-4, IL-17A, IL-9, GM-
CSF, MCP-1, and RANTES were measured using a cytometric bead
array (CBA) ﬂex set system (BD Biosciences) following the manu-
facturer's instructions (detection limit from 0.002 pg/ml to 11.2 pg/
ml). Brieﬂy, 50 μl of proliferation assays supernatants were
deposited in polystyrene tubes followed by 50 μl of mixed capture
beads and incubated for 1 h at RT. Afterwards, 50 μl of the mixed
PE detection reagent were added and samples were incubated for
another 2 h at RT. The tubes were then washed, centrifuged at
200g for 5 min and resuspended in 300 μl of wash buffer. Samples
were acquired on an LSRFortessa™ ﬂow cytometer and CBA
analysis was performed using FCAP array software v3.0.1 (BD
Biosciences).
Statistical analysis
Friedman and Wilcoxon or Mann–Whitney tests were per-
formed for evaluating differences among several or only two
antigens or treatments, using GraphPad Prism software v.5.0a for
Mac OS X, GraphPad Software (La Jolla, CA). Signiﬁcance was
established if po0.05. Data are shown as median and range.
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